Global warming has become a critical challenge to food safety, causing severe yield losses of 18 major crops worldwide. Heat acclimation empowers plants to survive under extreme 19 temperature conditions but the potential of beneficial microbes to make plants thermotolerant 20 has not been considered so far. Here, we report that the endophytic bacterium Enterobacter sp. 21 SA187 induces heat tolerance in Arabidopsis thaliana by reprogramming the plant 22 transcriptome to a similar extent as acclimation. Acclimation induces priming of heat stress 23 memory genes such as APX2 and HSP18.2 via the transcription factors HSFA1A, B, D, and E and 24 the downstream master regulator HSFA2. hsfa1a,b,d,e and hsfa2 mutants compromised both 25 acclimation and bacterial priming through the same pathway of HSF transcription factors. 26 However, while acclimation transiently modifies H3K4me3 levels at heat stress memory gene 27 loci, SA187 induces the constitutive priming of these loci. In summary, we demonstrate the 28 molecular mechanism by which SA187 imparts thermotolerance in A. thaliana, suggesting that 29 beneficial microbes might be a promising way to enhance crop production under global 30 warming conditions. 31 32 33 34 35 36 101
Introduction
Global warming increases average temperature and causes severe heat waves, challenging 39 plant growth and agriculture yield worldwide (Mittler et al, 2010; Ling et al, 2018) . Elevated 40 temperatures cause severe cellular injury to plants resulting in a collapse of cellular 41 organization and inhibition of plant growth (El-Daim et al, 2014) . In order to cope with heat 42 stress, plants have developed several strategies such as basal heat tolerance and acquired heat 43 tolerance. In basal heat tolerance, plants have a natural capacity to deal with heat stress, 44 whereas in acquired thermotolerance, plants acquire tolerance to lethal levels via a short pre- 45 exposure to mild heat stress, a phenomenon that is known as priming (Yeh et al, 2012) . In 46 priming, plants establish a molecular stress memory of previous exposure to mild heat stress 47 (Sani et al, 2013) . This molecular memory is responsible for the higher expression of the heat 48 stress transcription factors (HSFs) regulating expression of heat shock proteins (HSPs) and 49 antioxidant genes. HSPs act as molecular chaperones that protect the conformation and 50 function of proteins under heat stress. Therefore, stress memory allows primed plants to 51 respond robustly and quickly to subsequent exposure to heat stress, which helps their recovery Liu and Charng, 2013 ). The subset of 61 genes, to which HSFA2 binds to, is known as memory genes or heat stress responsive genes 62 because of their persistent transcriptional induction after heat stress (Stief et al, 2014) . HSFA2 63 binds transiently in a hit and run mode at the promoter region of memory genes. This binding 64 facilitates the chromatin modifications that are responsible for longer induction of heat stress 65 memory genes (Lamke et al, 2016) . The di-and trimethylation of lysine 4 on histone H3 66 (H3K4me2, H3K4me3) showed a lasting enrichment at the APX2 and HSP18.2 memory genes 67 and persist up to 5 days after the priming heat stress. Therefore, heat acclimation induces a 68 transcriptional memory that also involves chromatin modifications and leads to a hyper 69 transcriptional response upon re-occurring heat stress (Bruce et al, 2007; Vriet et al, 2015; 70 Baurle, 2017; Lamke and Baurle 2017). 71 Heat priming could be applied in agriculture to make crops more stress-resistant and 72 productive (Liu and Charng 2012) . However, acclimatizing plants under field conditions is not 73 always feasible. The use of endophytes and other rhizobacteria (known as plant growth 74 promoting bacteria, PGPB) as a reliable and feasible method to promote plant growth under 75 abiotic stress conditions such as drought, salinity, metal toxicity, and elevated temperatures 76 was suggested (de Zélicourt et al, 2018; Numan et al, 2018) . The interaction between plants and 77 endophytes leads to enhanced plant growth under heat stress conditions (Marquez et al, 2007) . 78 However, the molecular mechanisms of induced thermotolerance by beneficial microbes are 79 unknown. Here, we report that an endophytic bacterium, Enterobacter sp. SA187, isolated from 80 root nodules of the indigenous desert plant Indigofera argentea (Andrés-Barrao et al, 2017), 81 significantly enhanced thermotolerance in the model plant Arabidopsis thaliana, demonstrating 82 that SA187 has the potential to improve agriculture under extreme desert conditions. SA187 83 regulates the transcription dynamics of selected heat memory genes in a process that is similar 84 to heat acclimation by hypermethylating histone H3K4 at APX2 and HSP18.2 gene loci. 
Results:
93 Enterobacter sp. SA187 mediates heat stress tolerance in Arabidopsis thaliana 94 To investigate the impact of SA187 colonization and heat stress acclimation (ACC) on protecting 95 Arabidopsis thaliana plants to heat stress, we evaluated fresh weight, % survival, % bleaching 96 and green leaves after heat treatments as our readouts for thermotolerance. Briefly, after five 97 days of germination, SA187-and mock-inoculated seedlings were transferred to ½ MS agar 98 plates. We compared non-heat stressed (NHS) to acclimated (ACC) plants upon direct heat 99 stress of 44⁰C (HS) with and without bacteria (+/-SA187). For ACC treatment, 9 days old plants 100 that were grown at 22⁰C were treated at 37⁰C for 3 h. After two days of recovery at 22⁰C, a To elucidate the specific role of SA187 in heat stress, the transcriptome data were organized by 142 hierarchical clustering into 10 groups and analyzed for gene ontology enrichment (Fig 3 C ). 143 Cluster 3 contains genes that are down-regulated under HS but not in SA187-colonized plants 144 (HS+187) showing enrichment in cellular process, regulation of RNA biosynthesis, response to 145 auxin and regulation of gene expression. Interestingly, cluster 4 genes are significantly induced 146 by SA187 specifically under heat stress conditions. The GO analysis of these 152 genes showed 147 a potential involvement in single-organism process, defense response, ion homeostasis, 148 oxidation-reduction processes and cellular response to ethylene. In addition, a specific effect of 149 SA187 on the transcriptome of plants was found in cluster 7 which consists of 401 DEGs 150 representing genes that are up-regulated by SA187 independently of the growth conditions. 151 This cluster is significantly enriched for GO terms of plant-type cell wall organization, response 152 to stimulus, oxidation-reduction processes, response to auxin and O-methyltransferase activity. 153 The DEGs of cluster 10 are slightly affected by SA187, by having lower fold change expression 154 levels. Cluster 5 with a number of 914 DEGs displayed down-regulation of genes in HS and 155 HS+187, and are mainly involved in the oxidation-reduction process, photosynthesis, amino 156 acid export, secondary metabolism and response to hormone. Finally, cluster 10 comprised the 157 largest set of differentially expressed genes that are strongly up-regulated by HS but show only 158 moderate induction by HS+187. These genes mainly consist of heat stress regulated genes 159 which show enrichment for response to abiotic stimulus, hormone, water deprivation, oxidative 160 stress, temperature stimulus, glucosinolate and sulfur compound metabolism and flavonoid 161 biosynthesis. 162 We also analyzed the effects of acclimatization by comparing ACC with HS. Of the 3064 DEGs 163 (1157 up-and 1907 down-regulated genes) (Appendix Table S2 ), the GO terms for up-regulated 164 genes were enriched for regulation of biosynthetic processes, response to auxin, 165 photosynthesis, and response to gibberellin ( Fig EV2) . 166 Since our results suggested that SA187 and ACC modulated the A. thaliana heat stress 167 transcriptome, we searched for common features between the two treatments by comparing 168 HS+187 vs HS and ACC vs HS. This analysis revealed a strong overlap of 1118 genes between the 169 two treatments (HS+187 vs HS and ACC vs HS) with 382 up-and 736 down-regulated genes 170 (Appendix Table S3 ). The commonly up-regulated genes showed GO enrichment for the 171 regulation of biosynthesis, cell wall organization, response to the hormone, auxin and 172 gibberellin stimulus, while the down-regulated genes showed GO enrichment categories such 173 as response to stress, temperature stimulus, response to ABA, water, SA and jasmonic acid To understand the molecular mechanism by which SA187 confers heat stress resistance to A. 180 thaliana, we investigated the expression pattern of 8 heat-responsive genes (HSP101, HSP70, 181 HSP70b, GA3OX1, ATERDJ3A, HSP90, XTR6 and MIPS2) and 3 heat stress memory genes 182 including HSFA2 which is a master regulator of heat stress and HSP18.2 and APX2 which are 183 known to play a vital role in heat stress memory (Liu et al, 2018) . We collected samples after 1 184 h, 24 h and 48 h of exposure to 44⁰C and their respective controls at 22⁰C (Fig 4 A) . Under 185 control conditions, SA187 (NHS+187) did not change the expression of these heat responsive 186 and memory genes in comparison to non-colonized plants (NHS) (Fig 4 B and C ). On the 187 contrary, after 1 h of 44⁰C (HS), SA187-colonized (HS+187) and ACC plants showed significantly 188 higher levels of transcripts for all heat responsive genes than HS treated plants (both non-189 colonized and non-acclimated plants) (Fig 4 B ). However, at 24 h after the 44⁰C treatment, the 229 Since HSFA2 is the master regulator of heat stress responsive genes and heat acclimation (Liu 230 and Charng 2012), we wanted to understand whether it also plays a role in SA187-induced heat 231 stress tolerance. As expected, hsfa2 mutant plants were strongly compromised in heat 232 acclimation (ACC), but the beneficial effect of SA187 was equally compromised, indicating that 233 HSFA2 is also important for mediating SA187-induced thermotolerance ( HSFA1 transcription factors are also involved in mediating SA187-induced heat stress tolerance, 244 we tested gene expression of APX2, GA3OX1, HSFA2 and HSP70 in hsfa1-q mutant plants. 245 Similar to ACC treatment, SA187-colonized hsfa1q mutant plants were compromised in the 246 induction of APX2, GA3OX1, HSFA2 and HSP70 gene expression ( Fig 7) , further confirming that 247 both ACC-and SA187-mediated thermotolerance are regulated by the same transcriptional 248 network of heat stress transcription factors. (Fig 3 A) , while the down-regulated genes showed enrichment for metabolic, phosphorus 276 metabolic and oxidation-reduction process, photosynthesis, ion transport, growth, response to 277 auxin and gibberellin ( Fig 3B ) . These features correspond to the phenotype of HS treated plants 278 showing growth arrest and enhanced cell death (Fig 2) . In contrast, ACC and SA187-colonized 279 plants did not show differential expression of these genes and resumed growth at 4 days after 280 severe heat stress (Fig 2) , suggesting that the exclusive expression of the HS-specific gene set in 281 HS plants might be associated with the enhanced cell death in NHS and non-colonized plants. 282 The comparison of the transcriptomes of SA187-colonized to non-colonized, plants the unknown. In this work, we show that similar to heat acclimation priming, the beneficial 331 bacterium Enterobacter sp. SA187 also induces sustained accumulation of H3K4me3 at APX2 332 and HSP18.2 gene loci (Fig 5 C) . The accumulation of H3K4me3 is particularly high and long-333 lasting at APX2 while it is somewhat lower at HSP18.2 gene loci. Interestingly, this pattern 334 appears to correlate with the transcript levels in SA187-colonized and heat-acclimated plants. 335 APX2 (ascorbate peroxidase 2) is known for its role in scavenging reactive oxygen species (ROS), 336 and upregulation may be necessary to increase ROS scavenging activity promptly after the 337 onset of heat stress to prevent cellular damage (Liu et al, 2018) . These results are in alignment 338 with previous studies that HSFs and HSPs are required for providing heat resistance to plants 
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SA187-induced heat stress tolerance was similarly abrogated in hsfa2 mutants, indicating that 345 both SA187-induced heat stress tolerance and heat acclimation are mediated by HSFA2. 346 Moreover, the expression of APX2, HSFA2, GA3OX1 and HSP70 genes in hsfa2 mutant cannot 347 be induced any more by heat acclimation, indicating the essential role of HSFA2 in heat stress 348 memory. Importantly, SA187-colonized quadruple hsfa1-q mutant plants also lost SA187-349 induced heat induction of the APX2, HSFA2, GA3OX1 and HSP70 genes, indicating that SA187-350 induced heat tolerance is regulated in a similar manner as heat acclimation via HSFA1A, B, D 351 and E and the downstream master regulator HSFA2 (Fig 7) . Therefore, we propose a model that 352 heat acclimation and SA187 functions in a similar mode via HSFA1-q, HSFA2 dependent 353 transcription of heat responsive genes and H3K4me3 mediated longer persistence of heat 354 memory genes (Fig 8) . In terms of applying these findings to agriculture, an important 355 difference exists between SA187-induced heat tolerance and heat acclimation. To obtain plant 356 heat tolerance by heat acclimation, plants need to be pretreated at lower temperatures and 357 the heat stress memory usually only lasts for several days. It is therefore a transient mechanism 358 that is hard to apply on crops that grow on a field. In contrast, SA187 permanently colonizes its 359 host, rendering plants constitutively heat stress tolerant without any further treatments, 360 making this a potential tool to meet the challenges of adapting crop production under global 361 warming conditions. and Skoog medium (MS) with 0.9% agar and a pH of 5.8 were mixed with 0.1 mL of fresh 370 bacterial suspension with an OD of 0.2 to obtain a final number of 10 5 CFU mL -1 . For control 371 plates, 0.1 mL of liquid LB was mixed with ½ MS media (Fig 1 A) . Heat priming and heat-shock experiment 383 In the present study we developed a heat-priming platform by modifying previous studies 384 . Five days old SA187-inoculated and non-inoculated seedlings of 385 almost equal lengths were transferred onto new ½ MS plates. For heat stress treatments, plants 386 with bacteria and without bacteria were divided into three sets of plates. In set 1, plants were 387 given acclimation heat stress treatment, where 9 days old SA187-colonized and non-colonized 388 plants were exposed to 37⁰C of heat acclimation for 3 h followed by 2 d recovery at 22⁰C and a 389 further 44⁰C heat stress at day 11 (ACC). In set 2, SA187-inoculated and non-inoculated plants 390 were exposed directly to 44⁰C heat stress on day 11 (HS). For 44⁰C treatment, we used water-391 bath. In set 3, SA187-inoculated and non-inoculated plants were grown under normal 392 conditions at 22⁰C (NHS). We performed the same heat stress procedure for all experiments 393 and the arrows indicate the sampling points performed for respective data analysis (Fig 1 B) . 394 396 For targeted gene expression study, the plant RNA was extracted from 11, 12 and 13 days old 397 seedlings using the Nucleospin RNA plant kit (Macherey-Nagel), including DNaseI treatment, 398 and following manufacturer's recommendations. The total RNA was reverse-transcribed using 399 a using SuperscriptIII (Invitrogen): 1 μg of total RNA, oligo-dT as a primer, following 400 manufacturer's recommendations. For Arabidopsis gene expression analyses, tubulin was used 401 as a reference gene. All reactions were done in a CFX96 Touch Real-Time PCR Detection System 402 (BIO-RAD) as follows: 50⁰C for 2 min, 95⁰C for 10 min; 40× (95⁰C for 10 sec and 60⁰C for 40 sec). 403 All reactions were performed in three biological replicates, and each reaction as a technical 404 triplicate. A list of all primers used in the current study is provided in Appendix Table S4 . Chromatin immunoprecipitation 426 We conducted ChIP as described in previous studies (Lamke et al, 2016a) . In short, roughly 500 427 mg of 10 and 12 days old seedlings were cross-linked by vacuum-infiltrating 1% formaldehyde 428 for 15 min. Formaldehyde was quenched using 2M glycine. Samples were stored at -80⁰C until 429 further processing. Further, nuclei extraction was performed and chromatin was sonicated Acknowledgement 443 We would like to thank Charng YY for hsfa2 and hsfa1-q mutant seeds. We thank all members 444 of the Hirt Lab, especially Dr Naganand Rayapuram for his scientific suggestions and Olga 445 Artyukh for her assistance at several points; CDA management team and greenhouse facility in 446 KAUST for the technical assistance and in many other aspects. 458 The authors declare that they have no competing interests. to new ½ MS plates before (B) heat stress treatment. Heat stress acclimation (ACC): 9 days old plants 475
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that were grown at 22 o C were treated at 37⁰C for 3 h, returned to 22 o C for 2 days. At day 11, plants 476
were heat stressed at 44⁰C for 30 min and incubated for 4 days at 22 0 C before inspection at day 15. Heat-shock proteins (HSPs), and other heat responsive genes show higher transcript levels by presence 508 of SA187 (HS+187) and acclimation (ACC) in comparison to plants exposed to direct 44⁰C heat stress (HS) 509
after 1 h of HS, while at 24 and 48 h all these genes showed equal or lower transcript levels than non-510 inoculated or non-acclimated plants. (C) Transcript levels of HSFA2, HSP18.1 and APX2 in control (NHS, 511 NHS+187), HS+187, ACC and ACC+187 treated plants at 1, 24 and 48 h of direct HS. Transcript levels 512
were normalized to reference gene tubulin and the respective 22⁰C NHS harvested at the same time 513 point. All the treatments are compared with direct 44⁰C heat stress treatment for statistical significance. 514
All plots represent the mean of 3 biological replicates. Error bars represent SE ( * P≤ 0.05 and ** P≤ 515 0.01). 516 HSFA2 and HSFA1A,B,D,E (HSFA1-q) . 541 Transcript levels of APX2, GA3OX1, HSFA2 and HSP70 in Col-0, hsfa2 and hsfa1a,b,d,e (hsfa1-q) mutant 542 plants after 1 h of direct heat stress in HS, HS+187, ACC and ACC+187 treatments. HSFA2 and HSFA1A,B,D,E (HSFA1-q) .
Transcript levels of APX2, GA3OX1, HSFA2 and HSP70 in Col-0, hsfa2 and hsfa1a,b,d,e (hsfa1-q) mutant plants after 1 h of direct heat stress in HS, HS+187, ACC and ACC+187 treatments. Non-colonized 11 day old plants were treated at 44⁰C for 30 min before incubation for 3 d at 22⁰C. HS+187: 11 d old SA187-colonized plants were treated at 44⁰C for 30 min before incubation for 3 d at 22⁰C. ACC: 9 d old non-colonized plants were primed for 3 h at 37⁰C before incubation for 2 days at 22⁰C and heat treatment at 44⁰C for 30 min before further incubation at 22⁰C for 3 days. Transcript levels were normalized to reference gene tubulin and the respective 22⁰C NHS harvested at the same time point. Error bars represent SE. 
